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In consequence of the rapid development of newer targeted and personalized tumor therapies, radiology as an essential component of the treatment concept of numerous malignant diseases needs to improve in order to adequately capture and evaluate the effects, but also the side effects of these novel therapeutic agents. The early recognition of therapy response or failure is crucial for the optimal planning of the further treatment and can therefore have direct impact on the chances of recovery and the survival time of oncological patients. In previous years, the goal of medical imaging was to just qualitatively assess the increase or reduction in the size of tumors and their metastases, which was often achieved by a simple subjective estimation of the tumor findings by the diagnosing radiologist. Nowadays, radiology is faced with the challenge of evaluating changes during therapy quantitatively and of visualizing therapeutic effects that are more discrete (e. g. necrosis, altered tumor perfusion). The importance of an adequate assessment of therapy response is further underlined by the fact that in these days, a good portion of oncological patients are enrolled in clinical trials, in which the quantitative radiological evaluation of malignant disorders is an important surrogate parameter. On the basis of this development, the demands for radiology to provide more sophisticated assessments of therapy response and documentation of imaging findings have been constantly growing. The following article provides an overview of the established and still widely spread but in particular also the latest imaging modalities and evaluation criteria with regard to oncological diseases as well as of the increasing demands on radiology that result from these developments. Beyond that, future advancements in tumor imaging are taken into account and the new challenges these developments will bring are discussed. Key points:
▶ In the era of personalized medicine, evaluation criteria that are individually adapted to the respective patient are required.
▶ Radiology needs to substantially contribute to oncological treatment concepts and the evaluation of therapeutic response. Objective radiological assessment of the therapeutic response of malignant diseases is essential for the planning of the further oncological treatment approach: success of a therapy can either be assured early, and effective treatment can be appropriately continued, or in the case of a failure of the therapy, the treatment regime can be changed as soon as possible in order to improve the likelihood of a cure and resulting survival time for the patient, as well as to avoid unnecessary costs of treatment. Tomography is mostly used in both standard clinical procedures as well as in oncological studies for radiological determination of tumor size and its changes under therapy. Pure dimensioning (through subjective estimation or manual measurement) of malignant lesions has long been established as a means to determine the therapeutic effects of classic cytotoxic chemotherapies. These usually result in irreversible damage in cells with a high rate of mitosis, so that malignant cells are destroyed, leading to a reduction of tumor size which can then be radiologically measured [1 -3]. Until a few years ago, radiological assessment of malignant lesions relied upon the analysis of analog image data, i. e. X-ray images; therefore, due to a lack of calibration, reliable dimensioning was frequently not possible. Occasionally, evaluation was performed only qualitatively and was thus highly dependent on the subjective impression and experience of the examining radiologist. Absent the possibility of digitizing the image data, measurements could not be documented and stored, and were thus not reproducible. Such problems could be addressed only with the introduction of digital imaging systems (Picture Archiving and Communication System: PACS). An additional challenge for imaging was the fact that many modern tumor therapies such as angiogenesis inhibitors (e. g. Bevacizumab, Aflibercept) do not result directly in cell death, but rather prevent further tumor growth by preventing or restricting the supply of nutrients to the tumor [4] . In order to determine such cytostatic therapeutic effects (change in tumor perfusion, development of necrosis, etc.), other assessment criteria are required apart from simple size determination, including other imaging modalities. These include, for example, CT-or MR-supported diffusion and perfusion measurements or other functional imaging procedures enabling the evaluation of various stages in the cell cycle of malignant tumors (e. g. imaging of cell proliferation, apoptosis, hypoxia) [5] .
Imaging Modalities

!
The type of imaging modality can either be defined based on purely physical aspects, that is, according to means of image acquisition (acoustic impedance, magnetic resonance, radiation absorption, etc.), or according to the type of information provided by the respective modality. Imaging processes have developed substantially in recent years: on the one hand, the spatial resolution of radiological processes has continually improved, so that, for example, using high-resolution (HR) CT and MRI it is possible to demonstrate anatomical and morphological information in the sub-millimeter range. At the same time, an increasing number of functional parameters such as tissue perfusion (contrast-enhanced ultrasonography [CEUS], CT and MR perfusion), metabolic processes in the tissue (MR spectroscopy) or brain activation (functional MRT) can be imaged, illustrated and further integrated into routine diagnostic examinations. Recently, methods that can illustrate processes on the molecular level have been increasingly combined in the field of optical imaging (FRI: fluorescence reflectance imaging, FMT: fluorescence-mediated tomography) as well as nuclear medicine techniques (PET: positron emission tomography, SPECT: single photon emission CT). Ideally, these modalities can obtain substantial information simultaneously in hybrid systems [6] . This overview will examine the modalities most commonly used in the clinical routine to assess the therapeutic response of oncological diseases, i. e. CT, MRI and sonography. Projection radiography was consciously excluded from consideration, since this method is notably inferior to CT with respect to detail; likewise, the RECIST guidelines, for example, clearly recommend CT over projection radiography [7] .
Measurement Methods
!
In principle, the criteria used for evaluating the therapeutic response must meet important prerequisites: they must be quantitative, objectifiable and reproducible in order to reliably substantiate the progression of a disease, thus providing indirect indication of the patient's prognosis [8] . Moreover, in numerous clinical studies, the time in which no tumor progression can be ascertained is an important criterion in assessing the effectiveness of a tested therapy (progression-free survival: PFS) [4]; thus exact quantitative evaluation is extremely important here. Measurement methods developed in recent years can be classified into three groups: ▶ The first group includes procedures that only determine tumor size (one-, two-and three-dimensionally).
▶ The second group is made up of methods especially developed for a specific tumor entity in order to adequately account for its particular characteristics (e. g. arterial con-unter Therapie quantitativ zu erfassen und auch diskretere Therapieeffekte (wie z. B. Nekrosen oder eine veränderte Tumorperfusion) zu visualisieren. Die adäquate Beurteilung des Therapieansprechens gewinnt zusätzlich durch die Tatsache an Bedeutung, dass ein Großteil der onkologischen Patienten heutzutage in klinische Studien eingeschlossen ist, für die die quantitative radiologische Bewertung maligner Erkrankungen einen wichtigen Surrogatparameter darstellt. Auf Basis dieser Entwicklung sind in den letzten Jahren die Forderungen an die Radiologie hinsichtlich einer immer aufwändigeren Auswertung des Therapieansprechens und der Befunddokumentation ständig gewachsen. Im Folgenden soll ein Überblick sowohl über die etablierten und nach wie vor weit verbreiteten, insbesondere aber über die neuesten bildgebenden Methoden und Bewertungskriterien onkologischer Erkrankungen gegeben werden. Darüber hinaus werden zukünftige Entwicklungen in der bildgebenden Tumordiagnostik in den Fokus genommen und es wird diskutiert, welche neuen Herausforderungen diese Entwicklungen für die Radiologie mit sich bringen.
trast medium uptake, necrosis); this category comprises one-and two-dimensional sizing as well as functional criteria.
▶ Functional measurement parameters demonstrated using different imaging modalities (MRI, PET, etc.) comprise the third group. All measuring procedures are founded on changes malignant tumors or metastases undergo as a result of therapy. Prior to systemic or local therapy, a baseline is defined to be compared against additional follow-up measurements. Threshold values have been established for the various criteria; using these, disease process is categorized as completely (complete response) or partially regredient (partial response), stable (stable disease) or progredient (progressive disease). Unless explicitly stated otherwise, the criteria below relate to measurements obtained from CT data sets in the transverse plane.
Determining Tumor Size
!
WHO criteria
In 1979, the World Health Organisation (WHO) developed the first standardized measuring methods to determine the therapeutic response of solid tumors using radiological procedures [9] . The size of a lesion is determined by the product of its greatest longitudinal diameter times the largest perpendicular diameter, resulting in a two-dimensional measuring procedure. If several lesions are present, then their products are added up. These criteria have disadvantages: the type of imaging modality is not specified, there is no minimum definition of the lesions, and there is no specification of the minimum and maximum number of lesions to be determined [10] ( • " Fig. 1 ).
Since the threshold value for a disease progression with an increase of 25 % of the sum of all malignant lesions is relatively low, compared to other evaluation criteria (see below), WHO criteria tend to prematurely evaluate an increase in lesion size as a progression in disease. Nevertheless it could be demonstrated that a positive therapeutic response based on WHO criteria could be correlated with an improved total survival time of the affected patient [11] .
RECIST
The Response Evaluation Criteria in Solid Tumors (RECIST) were first published in 2000 (RECIST 1.0) [12] and thoroughly revised in 2009 (RECIST 1.1) [7] . Unlike WHO criteria, RECIST rules are based on one-dimensional measurements. According to RECIST 1.1, a pre-therapeutic baseline examination should record a maximum of five malignancies, called target lesions (max. two lesions per organ), which are tracked and measured during subsequent follow-up controls. The greatest longitudinal diameter of the lesions should be measured; in the case of suspected lymph nodes, the largest transverse diameter is measured. To qualify as a target lesion, the diameter must be at least 10 mm, in the case of lymph nodes, the diameter should be at least 15 mm. Any additional non-measurable lesions (< 10/< 15 mm, pleural effusions, etc.) are recorded as non-target lesions and assessed purely qualitatively ( • " Fig. 2 ).
RECIST 1.1 indicates CT as the most appropriate examination method for evaluation; however, MRI is mentioned as an alternative and 18 F-Fluordeoxyglucose PET ( 18 F-FDG PET) is included as well. The maximum slice thickness is also specified in order to further standardize assessments. The disadvantage of this method is the absence of detection of necrosis [13] ( • " Table 1 ).
Volumetric analysis
Computer-based volume measurement of malignant lesions offers an alternative to the one-and two-dimensional measurement procedures described above. Although in the previous decade, volumetric segmentation was initially technically feasible only with respect to pulmonary nodules, current algorithms likewise permit volume measurement of lymph nodes and tumors, although these are more difficult to define due to the lower density differences with the surrounding tissue [14] . According to some studies, semi-automated volumetric analysis correlates better with the quantity of tumor cells [15, 16] , and reduces the negative influence of manually performed one-and two-dimensional measurements, thus permitting high reproducibility while lowering inter-and intra-observer variability [17] . Further, it could be shown that the therapeutic response of malignant tumors can be better estimated using volumetric analysis than with manual linear methods [18] ( • " Fig. 3 ). According to the WHO guidelines, this results in an area of 208.6 mm². b 82-year-old patient suffering from hepatocellular carcinoma (HCC) that is treated by transarterial chemoembolization (TACE). According to the WHO guidelines, the whole lesion, i. e. both its vital and its necrotic part, is measured, which results in an area of 2,518.9 mm² (56.1 × 44.9 mm). The above criteria do not take into account the previously mentioned phenomenon that tumors sometimes do not respond to chemotherapy or other therapies by changing in size, but rather only through necrosis, for example. Necrosis as the sole indicator of a therapeutic response is observed in the case of HCC, among others; this carcinoma frequently responds only with a change in tumor vascularization to targeted systemic (e. g. sorafenib) or minimally invasive therapies, such as transcatheter arterial chemoembolization (TACE) or selective internal radiation therapy (SIRT) [19, 20] . In order to meet this problem adequately, the European Association for the Study of the Liver (EASL) developed criteria published in 2001, based on two-dimensional measurements of vital tumor components, i. e. the areas that accumulate contrast media in the arterial phase [21] . In 2010, the RECIST guidelines were likewise adapted to include and quantify tumor necrosis; these criteria combine the EASL criteria with those of RECIST and are known as modified RECIST (mRECIST) [22] . According to mRECIST, Fig. 4) .
Disease-specific Criteria
The Response Evaluation Criteria in Cancer of the Liver (RECICL) which likewise pertain to quantification of vital tumor components were revised in 2009 [23] in order to better measure the response of HCC to minimally ablative and targeted therapies. Tumor markers verified by laboratory results (e. g. α1-fetoprotein [AFP]) are also included in the assessment of the therapeutic response.
Lymphomas: IWC (IWG, IHP, Cheson criteria)
The initial version of the International Workshop Criteria (IWC) developed by an international working group (IWG) for standardizing the evaluation of the therapeutic response of non-Hodgkin lymphomas (NHL), is based on laboratorydeveloped markers, clinical findings, and radiological assessment of lymphoma manifestations using CT [24] . Beyond that, the revised edition of the IWC, the product of the International Harmonization Project (IHP) also includes Hodgkin's lymphoma and utilizes findings using FDG PET as well as immunohistochemical results, thus enhancing the sensitivity of assessment [25] .
The radiological examination of a lymphoma is based on the determination of the sum of the products of the largest diameter and related perpendicular diameter of up to six nodal target lesions. Malignancies with a longitudinal diameter of > 15 mm or a transverse diameter of > 10 mm are considered target or measurable lesions. A diameter of ≥ 10 mm is required for extranodal lesions.
Gastrointestinal stroma tumor (GIST): Choi criteria
Choi criteria were developed to assess the response of GIST to therapy using tyrosine-kinase inhibitors (TKI), since tumors under this therapy frequently exhibit no size reduction, even though they respond well to TKI. Consequently, in addition to tumor size, the criteria take into account the tumor's density in CT (venous phase) [26] ( • " Table 2 ).
Limitations
!
The development of the above criteria was an attempt to account for individual problems posed by the related tumor entities. Thus specific tumor characteristics were incorporated into the assessment criteria, such as arterial contrast medium absorption or lack of change in size despite a good therapeutic response; specific biochemical tumor markers were likewise included. Hitherto there was insufficient substantiated data that could be used to define threshold values for the classification of a therapeutic outcome (response, stable disease, etc.) for the respective criteria. Therefore the limit values are frequently adopted from the RECIST guidelines or only somewhat modified. The advantages of criteria that particularly address specific tumor entities likewise pose the disadvantage that they cannot be applied to other malignancies. Angiogenesis is a decisive factor in tumor biology, since it enables malignant tumors to grow and metastasize [27, 28] . To date, the reference standard to determine the vascularization level of a tumor is the histopathological measurement of vessel density; however, this poses the disadvantage of invasiveness. Therefore it is of great interest to use imaging methods in conjunction with anti-angiogenic or anti-vascular therapy to determine the vessel density of a tumor and the change in vascularization in order to detect the therapeutic response early and non-invasively. Dynamic contrast-enhanced (DCE) MRI is the imaging method most commonly used in preclinical and clinical studies to evaluate the effectiveness of vascular disrupting agents (VDA) [29] . Using kinetic parameters such as transfer constant K trans and IAUGC (initial area under the gadolinium curve), it is possible to detect the anti-vascular effect of these therapies non-invasively with MRI [30] , ( • " Fig. 5 ).
Likewise, contrast-enhanced ultrasonography (CEUS) permits real-time visualization of the change of tumor perfusion under therapy with vascular targeting agents (VTA), such as tTF-NGR [31] . Compared to MRI, dynamic CT provides a substantial advantage in that there is a linear relationship between the contrast agent absorption of the tumor and the iodine concentration, thus allowing an absolute quantification of the perfusion [32] . Recent investigations have shown that CT perfusion can therefore be used for quantitative analysis of hemodynamic changes of tumors under therapy [33, 34] . Limitations of CT perfusion are the relatively high radiation dose and limited examination volume, which due to technical and radiationhygienic reasons cannot be as high as desired.
Diffusion-weighted MRI (DWI)
Diffusion-weighted imaging permits detection of the movement of water molecules in the tissue (Brownian motion). Proton movement in all three spatial dimensions is measured and quantified by the calculation of the apparent diffusion coefficient (ADC), which provides a criterion for the diffusion characteristics of a tissue. Although DWI was initially reserved for the neuroradiological ischemia diagnostics, the development of more rapid echo planar sequences (echo planar imaging: EPI), as well as improved gradient systems and coils have achieved diagnostic image quality in the area of the trunk [35] . Using DWI it is sometimes possible to detect therapy-related changes in the texture of a tumor even before a change in size is observable [5] . Therapy-induced cell death leads to a reduction of cell density, and thus results in an improved diffusion and an increase of the ADC [4, 36] . Further, it is possible, particularly in strongly vascularized lesions, to detect perfusion effects using DWI; in order to distinguish these effects from molecular diffusion, it is necessary to acquire images with lower b-values (0 -100 s/mm 2 ), since they are sensitive to perfusion effects [36] . The suitability of DWI as an appropriate biomarker for the assessment of the therapeutic response of malignant diseases has already been confirmed at an open consensus conference during a meeting of the International Society for Magnetic Resonance in Medicine (ISMRM), which took place in 2008 and was sponsored by the National Cancer Institute (NCI). In this context it was stated that there were previously no standardized studies that sufficiently proved the diagnostic potential of DWI and its correlation with histopathological results [37] .
MR spectroscopy (MRS)
1 H-MR spectroscopy enables the detection and quantification of various metabolites of cell metabolism such as choline, N-acetylaspartate (NAA) or citrate in a selected volume element [38] . The specific resonance frequencies for the different metabolites given in parts per million (ppm) are shown on the x-axis of a coordinate system, and the related signal intensities are indicated on the y-axis ( • " Fig. 6 ).
Choline metabolism is of particular interest for oncological imaging since elevated levels of phosphocholine (PCho) and total choline-containing compounds (tCho) could so far be detected in almost every tumor entity, which means that these metabolites could be used as a non-invasive biomarker to assess therapeutic response [39] .
MR relaxometry
Steady-state MR imaging is based on the use of so-called blood-pool contrast agents, characterized by a long intravasal hold time. This group of contrast media includes USPIO (ultrasmall superparamagnetic iron oxide) particles. The relative blood volume of a tumor can be monitored by quantitatively determining the changes in the transversal relaxation rate (ΔR2*) induced by the USPIO particles. Determination of the blood volume is based on the assumption that ΔR2* is proportional to the local blood volume within a defined volume. Using MR relaxometry it is therefore possible to characterize the vasculature of a tumor non-invasively while also monitoring the effect of anti-angiogenic therapies [40] .
Positron emission tomography (PET): EORTC, PERCIST
The most widely used PET tracer in oncological imaging is 18 F-FDG [41] ; it is metabolized by many malignant tumors and can therefore be used for tumor screening and staging. Beyond, using PET, numerous other components of the cell cycle of malignant tumors can be visualized, such as proliferation, apoptosis or hypoxia (PET using 18 F-Thymidine, 18 F-Annexine or 18 F-Fluoromisonidazole) [5] ( • " Fig. 7) .
In 1999 the European Organisation for Research and Treatment of Cancer (EORTC) developed guidelines for the evaluation of the therapeutic response of solid tumors using FDG PET [42] . The therapeutic result is assessed using the change of the SUV (standardized uptake value) of malignant lesions under therapy. Additional criteria used to assess the metabolic response of malignant tumors are the PET Response Criteria in Solid Tumors (PERCIST 1.0). The advantages of PERCIST compared to the EORTC guidelines include the combination of morphological and metabolic parameters, i. e. PET is performed as a PET CT, and that the patient's body weight is taken into account to determine glucose metabolism (SUL: lean body mass-normalized SUV). Analogous to RECIST, according to PERCIST, up to five lesions can be measured (max. two per organ) [43] .
Measuring Technique
!
In clinical studies, radiological assessment of malignancies mostly relies on purely manual evaluation of CT data according to RECIST 1.1 or WHO guidelines. However, if oncological patients are not included in a study, occasionally there is no standardized evaluation of the malignant lesions at all. Both the steadily growing number of interdisciplinary tumor centers (Comprehensive Cancer Center: CCC), as well as the increasing mobility of cancer patients who are occasionally treated in two or more different centers lead to the radiological assessment of the same patient by different radiologists at various locations. Some single-and multi-center examinations have already demonstrated that this course of action, i. e. manual and/or one-dimensional evaluation of malignant lesions by several radiologists results in high inter-and intra-observer variability [17, 44] , and that semi-automated determination of multi-dimensional parameters can reduce the rate of misclassification of the therapeutic response [45] . Together with recent advances in CT technology, this knowledge has led to the development of software that can be used to measure and segment lesions semi-automatically ( • " Fig. 8 ).
In addition to semi-automated measurement of the RECIST diameter or WHO area, various software applications (mint Lesion TM [Mint Medical GmbH, Heidelberg], syngo TM RT Oncologist [Siemens Healthcare, Erlangen] among others), also offer the option of volumetric evaluation and documentation of malignant alterations.
Conclusion
!
The generic term malignant disease includes a great number of heterogeneous disease entities that differ with respect to their histopathological characteristics (squamous cell / adeno carcinoma, lymphoma, etc.), their localization as well as growth and metastatic behavior. Research in recent years has shownusing up-to-date imaging processesthat relevant differences can be found even within a single tumor entity. These are mostly based on genetic variants, which lead to mutations in proto-oncogenes (KRas, tyrosine-kinases, etc.) or hormone receptors, so that within one tumor type, several genetic subpopulations could arise which to some extent significantly differ from one another [46] .
The logical consequence of these insights is that therapy regimes of malignant diseases must constantly adapt to the above-named conditions and therefore new tumor therapies must be continuously developed. New therapeutics often no longer rely on a cytotoxic effect, but rather focus on the molecular characteristics of tumors, by targeting the receptor level, for example. The developments identified here make it clear that although patients may suffer from the same malignant disease, they sometimes cannot be treated with the identical therapeutic regime; instead the treatment strategy must be adapted to both the special characteristics of the tumor as well as the interindividual differences of the patients. Thus the therapy for a postmenopausal woman suffering from a breast cancer that expresses neither estrogen nor progesterone receptors and is negative for HER2/neu can be significantly different from that for a premenopausal patient with breast cancer that is positive for both hormone receptors and HER2/neu. Fig. 8 Semi-automated determination of lesion size according to WHO criteria using mint Lesion™ (Mint Medical GmbH, Heidelberg). Semi-automatic determination of the size of a hepatic metastasis of a renal cell carcinoma according to the WHO guidelines with the aid of mint Lesion™ (Mint Medical GmbH, Heidelberg). On the far left, the different measuring tools are displayed beneath the patient data (blackened), which can be selected by means of a mouse click. The different information concerning the selected index lesion (WHO product, long axis etc.) are displayed below. The two CT images in the middle and on the right show the lesion at baseline and at the time of the first follow-up. Below, the lesion is displayed over the course of time on a timeline and its resizing is indicated in %.
As an interdisciplinary interface, radiology is a central component in the concept of oncological treatment of the majority of malignant diseases. Thus there is a constant demand for radiology not only to adapt to new findings in the field of tumor origin and therapy, but also to contribute actively to a better understanding of the genesis of malignant diseases and to the improvement of existing therapy regimes. It has already been postulated that certain tumor characteristics, which can be demonstrated on a macroscopic and/or functional level using imaging methods, mirror processes of tumor biology on the molecular and cellular level [46] . On the one hand, this fact provides an opportunity to better understand the individual characteristics of tumor biology, while on the other hand, making it clear that the type of therapeutic response detectable using imaging can vary, since it is dependent on these very characteristics ( • " Fig. 9 ).
It is clear that evaluation criteria based solely on the assessment of morphological parameters (WHO, RECIST) demonstrate clear limitations in the evaluation of malignancies treated with targeted therapies, since a size increase of a slow-growing tumor indicates disease progression, for example, whereas in a rapidly growing malignoma, it can mean a good therapeutic response [15, 47] . As already explained, those criteria that include functional parameters in assessment represent a significant improvement in ap-proach (EASL, PERCIST, etc.). However, even these criteria in themselves are occasionally not sufficient to adequately assess a therapeutic response. In the course of the so-called personalized medicine which is constantly evolving based on the innovations mentioned in this overview, nowadays newer criteria are needed that focus individually on the respective tumor entity with its histopathological and molecular features, the nature of the therapeutic agent, the characteristics of the affected patient and the imaging modality used to detect the therapeutic response; all of these attributes must be accounted for in equal measure. Since such criteria can contribute to a closer meshing of (imaging) diagnostics and (oncological) therapy in terms of the principle of theranostics, in addition to radiological biomarkers, special clinical findings and biochemical markers should also be taken into account in order to have a more comprehensive view of the disease response under therapy. As a result of innovative imaging approaches, radiology therefore needs to establish corresponding imaging-based parameters in order to help shape the oncological therapeutic concept as well as the assessment of the response to therapy. 
